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Infrared  reflection— absorption  spectroscopic  measurements  have  been  performed  on  single-wall  carbon  nanotubes 
(SWNTs),  cleaned  by  heating  to  ~500  °C  in  vacuo,  during  exposure  to  pure  16C>2  or  180i  at  room  temperature  and 
at  pressures  of  up  to  ~630  Torr.  No  vibrational  signature  of  any  form  of  adsorbed  O  is  detected.  However,  structure 
is  seen  which  is  very  similar  to  that  observed  for  the  adsorption  of  atomic  H  or  D  and  which  indicates  changes  in 
the  SWNT  vibrational  spectrum.  The  close  similarity  between  the  spectra  for  atomic  H  and  D,  on  one  hand,  and  O2 
on  the  other  is  an  unexpected  result.  Changes  are  also  noted  in  the  broad  background  extending  throughout  the  mid-IR 
which  arises  from  the  Drude  contribution  to  the  reflectance.  All  these  effects  increase  with  O2  exposure  and  are 
essentially  irreversible  upon  evacuation  of  the  gas.  The  results  are  consistent  with  other  data  indicating  that  O2  interacts 
only  weakly  with,  and  does  not  chemisorb  on,  pristine  regions  of  the  SWNT  under  these  conditions.  The  small  and 
irreversible  effects  seen  upon  O2  exposure  are  interpreted  in  terms  of  enhanced  chemisorption,  at  or  near  defective 
regions  of  the  SWNT  wall,  which  saturates  at  a  low  O  coverage. 


1.  Introduction 

Molecular  adsorption  on  single- wall  carbon  nanotubes  (SWNTs) 
is  an  important  subject  in  the  development  of  chemical  sensors 
and  electronic  devices1  based  on  these  materials.  One  example 
is  the  reversible  decrease  in  resistivity* 1 2  that  occurs  when  SWNTs 
are  exposed  to  an  atmosphere  of  O2,  which  may  be  related  to  a 
change  in  the  properties  of  the  metal  contact3 4 5 6 7 8  rather  than  to  a 
direct  SWNT/O2  interaction.  Questions  concerning  the  role  of 
chemisorption  in  this  O2  effect  make  a  vibrational-spectroscopic 
study  relevant  at  this  time.  Oxygen-containing  functional  groups 
on  SWNTs,  either  as-grown  or  after  oxidation  by  thermal  or 
wet-chemical  treatments,  have  been  extensively  studied  using 
infrared  (IR)  spectroscopy.4-8  However,  there  has  been,  to  our 
knowledge,  little  investigation  of  either  physi-  or  chemisorption 
of  O2  using  vibrational  spectroscopy.  Previous  adsorption  studies 
have  used  either  X-ray  photoemission  spectroscopy9  (XPS)  or 
temperature-programmed  desorption10 *  (TPD)  to  investigate  the 
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interaction  of  CH  with  SWNTs  at  low  temperature  (<150  K) 
under  ultrahigh  vacuum  (UHV)  conditions.  No  evidence  is  found 
for  species  that  remain  after  desorption  of  physisorbed  molecular 
Oy  above  150  K  or  for  adsorption  under  low-pressure  (<10-6 
Torr)  steady-state  conditions  at  higher  temperatures.  However, 
it  is  difficult  to  relate  such  data  to  processes  that  might  occur 
at  room  temperature  in  an  atmosphere  of  air  which  is  the  condition 
appropriate  to  the  operation  of  SWNT-based  sensors  and 
electronic  devices. 

The  present  work  “crosses  the  pressure  gap”  and  investigates 
the  O2/SWNT  interaction  at  room  temperature  under  steady- 
state  conditions  in  several  hundred  Torr  of  O2.  The  experiments 
make  use  of  polarization-modulated  IR  reflection— absorption 
spectroscopy  (PM-IRRAS)  which  has  recently11  been  applied  to 
the  study  of  weakly  adsorbed  species  on  SWNTs  under  steady- 
state  conditions  during  exposure  to  reagents.  This  is  accomplished 
by  depositing  the  SWNTs  as  a  thin  layer  (see  below)  on  a  metallic 
substrate  and  obtaining  reflectance  data  at  a  high  (~82°)  angle 
of  incidence.  The  experiment  is  thus  governed  by  the  so-called 
“metal  surface  selection  rule”  which  mandates  that  the  only 
observable  adsorbate  vibrational  modes  are  those  having  a  finite 
component  of  the  dynamic  dipole  moment  in  a  direction  parallel 
to  the  surface  normal.12  These  will  absorb  p-polarized  radiation; 
whereas,  s-polarized  light  will  not  interact  with  adsorbates.  The 
PM-IRRAS  experiment  then  measures  (3  (A R/R)  where  A R/R  = 
(Rs  —  RP)/(RS  +  Rp)  and  Rs  (Rp)  is  the  s-  (p-)  polarized  reflectance. 
The  quantity  d(A  R/R)  is  the  difference  between  A  R/R  recorded 
before  and  after  introduction  of  the  O2  and  represents  the  effect 
of  gas  exposure  on  the  sample. 

The  PM-IRRAS  technique,  when  employed  in  the  manner 
used  here,  is  sensitive  only  to  adsorbates  and  not  to  unpolarized 
absorption  by  isotropic  gas-phase  molecules.  This  permits  surface 
species  to  be  observed  in  the  presence  of  high  pressures  of  IR- 
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IR  Study  of  O2  Interaction  with  Carbon  Nanotubes 

absorbing  gaseous  reagents  and  is  a  distinct  advantage  in  studies 
of  SWNTs  which  interact  only  weakly  with  many  species.  While 
O2  is  of  course  transparent  in  the  mid-IR,  a  second  advantage 
of  PM-IRRAS  is  relevant  to  the  present  work.  Because  only  the 
p-  and  not  the  s-polarized  radiation  couples  to  adsorbate 
vibrational  modes,11  Rs  functions  in  effect  as  a  reference  signal. 
This  makes  PM-IRRAS  a  double-beam  experiment,  even  though 
there  is  physically  only  one  beam,  and  imparts  a  high  degree  of 
baseline  stability  to  the  measurement  of  d(AR/R).  This  stability 
makes  it  possible  to  detect,  reliably  and  reproducibly,  small 
adsorbate-related  features  and  small  changes  in  the  broad 
reflectance  background,  both  of  which  are  important  in  under¬ 
standing  the  O2/SWNT  interaction. 

2.  Experimental  Details 

Most  of  the  relevant  experimental  details,  including  descriptions 
of  the  apparatus,  the  sample,  and  the  PM-IRRAS  technique,  have 
been  given  previously.11  Briefly,  the  SWNT  sample  was  deposited 
by  spraying  a  suspension  in  AUV-dimethylformamide  (DMF,  ~5 
mg/L)  from  an  airbrush  onto  a  polycrystalline  A1  substrate  at  about 
200  °C.  The  SWNT  stock  was  single-walled  HiPco  material  obtained 
from  Carbon  Nanotechnologies,  Inc.  (CNI)  with  a  stated  purity  of 
about  96%  and  was  used  without  further  processing.  The  SWNT 
layer  thickness  is  estimated  to  be  a  few  hundred  Angstroms,  based 
on  numerical  simulation  of  the  broad  background  in  <5(A R/R)  observed 
after  adsorption  of  dimethyl  methylphosphonate.  Further  details  are 
given  in  ref  1 1. 

The  16CF  (Matheson  Gas,  99.995%  nominal  chemical  purity)  or 
ls02  (Cambridge  Isotopes,  97%  nominal  isotopic  purity)  was  admitted 
through  a  leak  valve.  The  gases  were  checked  for  purity  using  a 
quadrupole  mass  spectrometer  in  the  UHV  chamber,  as  well  as  by 
the  unpolarized  IR  transmission  spectrum  through  the  chamber  when 
filled  with  the  gas.  Pressures  were  measured  with  cold-cathode 
ionization,  thermocouple,  or  capacitance  gauges  as  appropriate.  No 
hot-filament  gauges  were  used  to  avoid  electronic  excitation13  of  the 
02.  Following  a  high-pressure  exposure,  the  gas  was  first  evacuated 
using  a  turbopump  then  a  cryopump.  Use  of  the  ion  pump  during 
exposure  was  avoided,  again  to  prevent  excitation  of  the  CP. 
Theoretical  studies14  have  shown  that  O2  interaction  with  SWNTs 
can  be  promoted  by  excitation  of  the  molecule  into  a  singlet  electronic 
state.  All  O2  exposures  and  PM-IRRAS  experiments  were  performed 
with  the  sample  at  room  temperature. 

The  SWNT/A1  sample  was  cleaned  by  heating  in  vacuo  to  ~500 
°C.  The  thin  native  oxide  on  the  A1  substrate  inhibits  reaction  at  the 
interface,  and  no  change  in  sample  characteristics  was  noted  during 
the  course  of  many  annealing  treatments.  To  characterize  the  sample, 
Raman  spectra  were  collected  (in  air)  with  a  Renishaw  Microraman 
1000  with  three  excitation  wavelengths  (energies):  an  Ar+  laser  at 
AeXc  =  514  nm  (2.41  eV),  a  He— Ne  laser  at  Lexc  —  633  nm  (1.96 
eV),  and  a  diode  laser  at  Aexc  =  785  nm  (1.58  eV).  Figure  1  shows 
Raman  data  for  the  SWNT/A1  sample  obtained  with  the  three  sources 
following  completion  of  all  IR  experiments.  The  D-band  relative 
intensity  is  typical  for  aggregated  SWNTs.  Structural  defects  (such 
as  the  Stone— Wales  defect15),  mechanical  deformation,  and  impurities 
have  all  been  shown1617  to  increase  the  intensity  of  the  SWNT  ZFband. 
It  is  also  known18  that  direct  contact  with  substrates,  particularly 
metals,  can  further  increase  the  D-band  intensity  for  SWNT  thin 
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Figure  1.  Raman  spectra  for  the  SWNT/A1  sample  at  three  excitation 
wavelengths.  The  three  primary  Raman  bands  are  labeled— the  radial 
breathing  modes  (RBM),  the  disorder  band  (D),  and  the  tangential 
modes  (TM).  The  spectra  are  typical  for  an  aggregated  SWNT  sample. 
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Figure  2.  PM-IRRAS  data  for  a  SWNT/A1  sample  in  increasing 
pressures  of  1602  and  after  evacuation,  (a)  “Baseline”,  difference 
between  two  successive  data  sets  before  CF;  (b)  4  x  10~5  Torr;  (c) 
1  mTorr;  (d)  100  mTorr;  (e)  40  Torr;  (f)  630  Torr;  (g)  evacuated 
to  ~  1(U7  Torr  following  (f).  Spectra  (b)— (g)  are  referenced  to  A R/R 
of  the  SWNT/A1  sample  in  vacuo  before  exposure  to  CF.  Note  that 
spectra  (a)— (g)  are  labeled  in  the  order  in  which  they  were  recorded. 
The  shift  in  the  background  toward  higher  energy  in  (f)  is  an 
experimental  artifact  (see  text).  The  structure  near  2400  cnU1  in 
some  spectra  is  an  artifact  of  the  signal-processing  electronics.  The 
relative  magnitudes  of  d(AR/R)  are  quantitative,  i.e.,  the  spectra 
have  not  been  rescaled  or  repositioned  vertically.  Trace  (h)  was 
recorded  for  bare  A1  in  9.4  Torr  CF  and  referenced  to  A  R/R  in  UHV. 
Prior  to  admitting  O2,  the  bare  A1  was  heated  in  vacuo  to  510  °C. 

films.  In  the  following,  we  will  use  the  term  “defect”  as  a  generic 
label  for  all  factors  contributing  to  the  D-band  intensity. 

3.  Results  and  Discussion 

3.1.  Lower  O2  Pressures.  Figure  2  shows  a  series  of  spectra 
recorded  during  exposure  to  increasing  pressures  of  16C>2.  Up  to 
~100  mTorr,  the  exposure  was  dynamic,  in  that  the  gas  flowed 
continuously  through  the  chamber  while  being  pumped  by  the 
throttled  cryopump.  The  leak  rate  was  balanced  against  the 
pumping  rate  so  as  to  maintain  a  constant  pressure.  This  was 
done  to  reduce  the  influence  (if  any),  at  low  CF  pressures,  of 
species  desorbed  from  the  internal  surfaces  of  the  chamber. 
Exposures  at  higher  pressures  were  done  by  static  backfilling. 
In  the  (5 (A R/R)  difference  spectra  as  defined  above,  a  “positive” 
(upward-pointing)  feature  would  represent  increased  absorption 
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Figure  3.  PM-IRRAS  data  in  the  structured  region  of  the  spectrum, 
(a)  “Baseline”,  difference  between  two  successive  data  sets  for  9.7 
Torr  16C>2  showing  the  absence  of  a  significant  change  during  data 
collection  at  a  fixed  pressure.  (b),(c)  Data  recorded  in  CP  at  the 
indicated  pressures,  (d)  Data  obtained  after  exposure  to  atomic  D 
(ref  1 1).  Acquisition  of  each  data  set  (b,c,d)  began  with  a  clean 
SWNT/A1  starting  surface.  The  relative  magnitudes  of  <5(A R/R)  are 
quantitative,  i.e.,  the  different  spectra  have  not  been  rescaled  or 
repositioned  vertically. 

caused  by  exposure  to  O2  while  “negative”  (downward-pointing) 
structure  is  due  to  SWNT  absorption  that  is  removed  by  CP. 

At  the  lowest  pressure  used  here  (~1  x  10-6  Torr),  two 
predominantly  negative  features  are  seen,  near  1600  and  1280 
cm-1,  which  are  very  similar  to  structure  observed11  following 
exposure  to  atomic  H  or  D.  Figure  3  compares  the  data  previously 
reported  for  atomic  D  with  results  for  16C>2  and  18C>2.  The  three 
spectra  are  very  similar,  and  furthermore,  there  is  no  measurable 
O2  isotope  shift.  This  indicates  that  the  structure  is  not  directly 
related  to  a  vibrational  mode  of  any  form  of  adsorbed  D  or  O. 
The  structure  in  the  d(A R/R)  difference  spectrum  instead  arises 
from  a  small  (see  below)  adsorbate-induced  modification  of  the 
SWNT  vibrational  spectrum.  The  monotonic  shift  in  the 
background  with  increasing  exposure  will  be  discussed  below. 

Recently  Kim  et  al.19  have  analyzed  the  mid-IR  absorption 
spectrum  of  SWNTs,  including  the  symmetry  assignments  for 
IR-active  first-  and  second-order  transitions.  For  tubes  lying 
essentially  flat  in  the  form  of  a  thin  film  on  a  metal  substrate, 
only  those  fundamentals  of  Eiu  symmetry  are  detectable,  given 
the  selection  rule  noted  above,  since  these  modes  are  polarized 
perpendicular  to  the  SWNT  axis.20  After  the  sample  was  annealed 
in  vacuo  at  1400  °C  to  desorb  contaminants,  the  only  Eiu 
fundamentals  in  the  680—1800  cm-1  range  were  found19  to  be 
a  closely  spaced  pair  at  1564  and  1585  cm-1  and  a  mode  at  854 
cm- 1 .  For  a  thin  film  of  SWNT  s  on  Cu,  the  only  modes  observed21 
in  1RRAS  occurred  at  about  1590  and  868  cm-1,  which  is 
consistent  with  the  symmetry  assignments.  Hence,  any  other 
absorptions  detected  in  1RRAS  under  these  conditions  would 
have  to  be  extrinsic  effects  resulting  from  adsorbed  impurities 
(i.e.,  functional  groups),  defects,  or  a  lowering  of  symmetry  caused 
by  disorder.  Note  that  the  difference  spectra  in  Figures  2  and  3 
show  only  those  modes  that  are  both  IR-allowed  and  affected 
by  exposure  to  H(D)  or  to  CP.  The  868  cm-1  Eiu  mode  is 
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apparently  not  significantly  affected  by  adsorption  since  it  does 
not  appear  in  the  difference  spectra. 

Previous  results4-8  for  SWNTs  subjected  to  oxidation  (as 
distinct  from  chemisorption)  with  ozone  or  with  strong  acids,  or 
oxidized  during  growth,  show  structure  in  the  ~  1 550—  1 750  cm- 1 
range  arising  from  the  >  C=0  stretching  mode  of  various  carbonyl 
species.  For  such  species,  depending  on  the  degree  of  C  motion 
in  the  normal  mode,  the  expected  isotope  shift  factor  is  in  the 
range  of  from  (mis/,«i6)1/2  =  1.025  (where  1  lfxx  =  1  lmx  +  1  Imc) 
to(/;?i8/wi6)1/2=:  1.061.  For  a  mode  at  1600  cm-1,  this  corresponds 
to  a  shift  of  from  40  to  98  cm- 1 ,  which  would  be  easily  detectable 
in  the  present  experiment.  Hence,  unlike  in  the  case  of 
oxidation,4-8  carbonyl  species  are  not  being  observed  here  under 
the  much  milder  conditions  of  a  chemisorption  experiment,  which 
may  be  viewed  as  a  “titration”  of  reactive  sites  in  the  SWNT 
wall. 

The  negative  ~1600  cm-1  band  corresponds  to  the  removal 
of  sp2-bonded  >C=C<  groups  in  the  SWNT  wall.4-8  It  is  also 
close  to  the  band  previously  observed21  in  IRRAS  at  about  1590 
cm-1,  due  to  SWNT  fundamentals  of  Eu,  symmetry  (see  above). 
In  the  previous  study  of  H  and  D  adsorption, 1 1  it  was  shown  that 
only  a  small  fraction  (~10%)  of  the  total  >C=C<  intensity  was 
removed  by  the  adsorption  of  H  or  D,  beyond  which  little  or  no 
further  change  in  the  spectrum  was  observed.  It  was  suggested, 
partly  on  the  basis  of  this  saturation  at  a  low  coverage,  that 
chemisorption  occurs  preferentially  at  or  near  some  form  of  defect 
site.  The  quantitatively  similar  behavior  shown  in  Figures  2  and 
3  for  two  very  different  reagents,  atomic  D  and  molecular  O2, 
is  an  unexpected  result  that  indicates  a  similar  chemisorption 
process  for  both  species. 

The  derivative-like  line  shape  seen  near  1600  cm-1  for  O2, 
and  also  to  a  lesser  extent  for  H  and  D,  probably  arises  from  a 
small  (i.e.,  less  than  the  line  width)  adsorption-induced  shift  to 
higher  energy  in  the  >C=C<  stretching-mode.  Previous  work 
on  the  oxidation  of  SWNTs  in  acids8  also  revealed  a  small  shift 
to  higher  energy  (~24  cm-1)  in  the  >C=C<  stretching  mode 
following  reaction,  indicating  that  this  mode  is  perturbed  by  the 
presence  of  O.  It  is  recalled  that  the  d(A R/R)  spectrum  is  a 
difference  quantity  obtained  by  subtracting  A  R/R  in  vacuo  from 
A  R/R  in  O2.  A  band  which  undergoes  a  small  shift  in  energy  will 
then  appear  with  a  first-derivative  shape  in  the  difference 
spectrum.  The  presence  of  a  similar  (although  smaller)  effect  for 
H  and  D  (Figure  3)  argues  against  any  direct  involvement  of  an 
adsorbate  vibration  in  the  line  shape. 

The  broad  structure  near  1280  cm-1  is  close  in  energy  to  the 
D-band  commonly  observed  in  Raman  spectra1617’22  of  SWNTs 
(and  also  in  IR  data4-7)  and  ascribed  to  a  Raman-inactive  mode 
that  is  made  allowed  by  the  presence  of  defects.  For  the  present 
sample,  the  D-band  occurs  (see  Figure  1)  at  1296  cm-1  for  Aexc 
=  785  nm.  There  are  no  Ei„  fundamentals  near  this  energy;19 
however,  there  are  A2U  modes  at  1262  and  1369  cm-1  (and  also 
at  1541  cm-1).  As  noted  above,  these  are  dipole-forbidden  in  the 
present  IRRAS  experiment  but  could  become  allowed  if  the 
symmetry  were  sufficiently  reduced  by  disorder.  These  symmetry 
considerations  are  consistent  with  the  identification  of  the  structure 
near  1280  cm-1  as  a  “fingerprint”  for  defects  or  disorder.  For 
simplicity,  this  band  will  be  referred  to  in  the  following  discussion 
as  “the  D-band  feature”,  but  it  might  equally  well  be  termed  a 
“disorder-allowed  A2U  mode”. 

Figures  2  and  3  again  show  an  adsorption-induced  decrease 
in  the  intensity  of  this  mode  which  is  independent  of  O2  isotope 
and  which  is  virtually  identical  to  the  effect  seen  for  H.  It  is 
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important  to  note  that  the  intensity  of  the  1280  cm-1  D-band 
feature,  relative  to  that  of  the  1 600  cm- 1  >  C=C  <  mode  discussed 
above,  is  essentially  independent  of  O2  exposure  (Figure  2)  and 
of  the  adsorbed  species  (Figure  3).  Taken  together,  these  results 
indicate  that  the  defective  regions  giving  rise  to  the  D-band 
feature  are  chemically  active  and  that  the  small  fraction  (~10%) 
of  reactive  >C—C<  sites  are  associated  with  these  regions. 
These  results  are  consistent  with  those  of  a  previous  study23  of 
gas  evolution  during  the  reaction  between  ozone  and  SWNTs 
annealed  at  1273  K.  There  it  was  determined  that  about  5.5% 
of  the  sites  are  defect-related  and  are  thus  reactive  with  ozone. 
It  was  further  concluded  that  a  large  fraction  of  these  defect  sites 
involve  the  SWNT  wall  and  not  the  end  caps. 

It  is  recalled  that  the  term  “defect”  is  used  here  in  reference 
to  all  factors  that  contribute  to  the  Raman  D-band.  The  present 
data  show  that  such  defects  are  reactive  with  H,  D,  and  O2,  all 
of  which  affect  the  SWNT  vibrational  spectrum  similarly; 
although,  it  is  not  possible  at  present  to  determine  the  exact 
chemical  nature  of  these  defects  or  the  specific  mode(s)  of 
chemisorption  (see  below).  The  defect  involved  in  H  and  D 
adsorption  was  further  suggested11  to  be  a  break  in  the  SWNT 
wall,  based  on  the  similarity  of  the  C— FI  stretching  spectrum  to 
that  of  an  alkane-like  —  CFFCFI3  species  and  not  to  that  of  the 
“monohydride  dimer”  >C(H)— C(FI)<,  which  is  the  theoretically 
predicted  product  of  H-atom  adsorption  on  an  undamaged  SWNT 
(e.g.,  refs  24  and  25).  Formation  of  a  species  such  as  —  CH2CH3 
requires  the  breaking  of  C— C  bonds  in  the  SWNT  wall,  either 
before  or  during  chemisorption. 

A  recent  theoretical  study26  has  found  that  SWNTs  with  a  low 
coverage  (0. 1  monolayers)  of  adsorbed  FI  are  unstable  with  respect 
to  opening  of  the  wall,  which  raises  the  further  possibility  of 
H-induced  defects.  Experimental  results23’27  show  SWNT  defects 
to  be  reactive  with  ozone,  and  theoretical  work28  indicates  that 
such  defects  are  also  reactive  with  O2.  Other  theoretical  work 
has  suggested  that  several  chemical  species  [i.e.,  NO2  (ref  29), 
NH3  (ref  30),  and  FEO  (ref  31)]  react  preferentially  with  SWNT 
defects.  Indirect  experimental  verification  was  also  obtained  in 
the  case  of  NH3  and  FEO.  Annealing  to  1 100  K  in  UHV,  which 
is  known  to  reduce  the  concentration  of  defects  and  impurities, 
inhibits  NH3  adsorption  upon  subsequent  cooling  to  94  K.  For 
FEO,  rapid  dissociative  chemisorption  is  observed  upon  initial 
exposure,  followed  by  little  or  no  further  chemisorption  at  higher 
exposures,  which  is  consistent  with  a  defect-activated  process. 
Still  other  theoretical  work32’33  has  indicated  that  strain  in  the 
SWNT  wall  leads  to  chemically  active  sites.  However,  direct 
experimental  observation  of  chemisorption  at  SWNT  defects  (as 
seen  in  the  PM-IRRAS  difference  spectra  discussed  above)  has 
not  to  our  knowledge  been  reported  previously. 

Unlike  in  the  previously  studied  case11  of  H(D)  adsorption, 
in  which  clear  H(D)  vibrational  signatures  were  detected,  no 
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vibrational  modes  due  to  chemisorbed  O  are  seen  here.  This  is 
despite  the  very  evident  effects  of  O2  on  both  the  SWNT 
vibrational  spectrum  and  the  reflectance  background  (discussed 
below).  As  noted  above,  >C=0  carbonyl  species  are  typically 
observed  following  oxidation  of  SWNTs.  The  >  C=0  stretching 
mode  has  a  relatively  high  oscillator  strength  in  organic  molecules 
and  falls  in  the  1550—1750  cm-1  range  in  which  there  is  no 
strong  interference  from  SWNT  absorption.  In  the  present  case 
of  chemisorption  at  defect  sites,  it  is  possible  that  C— O— C  ester 
groups  may  be  the  preferred  mode  of  adsorption.  These  would 
be  difficult,  if  not  impossible,  to  detect  in  the  present  experiment 
for  three  reasons.  First,  as  noted  above,  only  a  small  fraction  of 
the  available  sites  are  affected  at  saturation.  Second,  the  vas- 
(C— O— C)  asymmetric  stretch  falls  at  about  1240  cm-1  in  normal- 
incidence  transmission  IR  data4-8  for  oxidized  SWNTs.  The 
corresponding  vs(C— O— C)  symmetric  stretch  lies  ~200  cm-1 
lower  in  energy  and  is  weaker  than  the  asymmetric  mode  for 
vacuum-annealed  SWNTs  with  adsorbed  O.  A  weak  mode  at 
~1240  cm-1  would  be  overlapped  by  the  “negative”  band  at 
about  1280  cm-1  (Figure  3)  and  would  be  difficult  to  detect, 
particularly  if  it  were  broad.  Finally,  for  a  C— O— C  group  in  the 
wall  of  a  SWNT,  the  dynamic  dipole  moment  of  the  pas(C— 
O— C)  mode  would  lie  approximately  parallel  to  the  tube  axis. 
This  would  make  the  dynamic  dipole  moment  of  this  mode  largely 
parallel  to  the  metal  surface  plane  (i.e.,  s-polarized)  which  would 
make  it  undetectable  in  the  present  IRRAS  experiment  (see 
Introduction). 

3.2.  Higher  O2  Pressures.  Access  to  the  “high-pressure” 
regime  (i.e.,  several  hundred  Torr  of  CE)  enables  an  investigation 
of  weakly  adsorbed  species  at  room  temperature.  Previously,  the 
vibrational  mode  of  molecular  16C>2  physisorbed  on  a  C60  film 
at  20  K  has  been  observed,34  using  high-resolution  electron  energy 
loss  spectroscopy,  at  190  meV  (1532  cm-1)  vs  the  gas-phase 
value  of  194  meV  (1565  cm-1).  While  it  may  seem,  at  first 
glance,  unreasonable  to  expect  to  observe  an  adsorbed  homo- 
nuclear  diatomic  in  IRRAS,  this  has  in  fact  been  done  in  several 
studies.  Any  effect  that  removes  the  equivalence  of  the  two 
atoms— such  as,  for  example,  the  end-on  adsorption  of  N2  on 
Ni(110)35  at  80  K— makes  the  dynamic  dipole  moment  of  the 
stretching  mode  nonzero.  A  more  subtle  effect  has  been  reported36 
for  O2  adsorption  on  polycrystalline  Pt  at  80  K.  Here  the  two  O 
atoms  remain  essentially  equivalent,  but  bonding  occurs  via  charge 
transfer  from  the  Pt  5d  orbitals  into  the  2jt*  antibonding  orbital 
of  the  O2  and  produces  a  large  red-shift  in  the  0—0  frequency 
vs  the  gas  phase.  The  0—0  stretching  modulates  the  Pt  5d— O2 
2jt*  orbital  overlap  (and  thus  the  charge  transfer)  which  leads 
to  a  nonzero  dynamic  dipole  moment  along  the  surface-normal 
direction  and  a  detectable  IRRAS  feature.  However,  neither  of 
these  processes  appears  to  be  in  effect  in  the  present  case. 

With  increasing  O2  pressure,  the  features  discussed  above 
effectively  saturate  and  exhibit  only  a  small  further  increase  in 
intensity  while  the  broad  and  nearly  structureless  background 
shifts  monotonically  in  the  direction  of  a  more  negative  d{AR/ 
R).  All  these  effects  are  essentially  irreversible  upon  evacuation 
of  the  O2  (cf.  Figure  2g).  This  suggests  that  they  originate  in  the 
low  coverage  of  chemisorbed  O  discussed  above,  since  any  effect 
from  physisorbed  O2  would  be  reversible  upon  evacuation  (see 
below).  As  noted  above,  the  effect  of  chemisorption  of  H  or  CE 
on  the  >C=C<  stretching-mode  intensity  indicates  that  only  a 
small  fraction  of  the  available  sites  are  affected  at  saturation. 
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The  absence  of  a  detectable  coverage  of  chemisorbed  0  is 
consistent  with  the  results  of  XPS  experiments9  at  150  K  which 
show  no  detectable  Ols  peak  after  an  O2  exposure  of  0.1  Torr 
s  (105  Langmuir).  Since  acquisition  of  a  complete  PM-IRRAS 
scan,  under  the  present  conditions,  requires  ~103  s,  this  is 
equivalent  to  the  cumulative  O2  exposure  incurred  while  recording 
data  in  an  O2  pressure  of  ~0.1  mTorr.  Although  XPS  showed 
adsorption9  when  data  were  recorded  at  150  K  in  a  steady-state 
ambient  of  7.5  x  10-8  Torr,  no  O  Is  signal  was  observed  at 
higher  temperatures  (150—300  K)  even  in  7.5  x  10-7  Torr  of 
O2.  The  “bucky-paper”  samples  used  in  ref  9  were  cleaned  by 
annealing  in  UHV  to  temperatures  as  high  as  1800  K  and  are 
thus  expected4  to  be  less  defective  (and,  therefore,  less  reactive30 
with  O2)  than  the  present  samples.  In  addition,  TPD  studies10 
show  that  O2  condensed  at  28  K  on  SWNTs  (cleaned  by  heating 
to  1200  K  in  UHV)  desorbs  below  ~100  K  with  no  evidence 
of  chemisorbed  species  that  survive  to  higher  temperature. 

The  present  results  extend  these  UHV  measurements  to  steady- 
state  conditions  in  high  pressures  of  O2  at  room  temperature  and 
also  give  evidence  of  CL-induced  changes  in  SWNT  structure 
that  would  not  have  been  detectable  in  XPS  or  TPD.  The  results 
further  suggest  that  the  lack  of  an  observable  chemisorption 
effect  at  low  temperature  and  low  pressure  is  not  simply  the 
result  of  a  small  kinetic  barrier  that  can  be  overcome  by  increasing 
temperature  and/or  pressure  to  ambient  conditions. 

At  the  highest  pressures  (Figure  2f),  a  pronounced  shift  in  the 
background  is  observed,  particularly  toward  the  high-energy  end 
of  the  spectrum.  This  is  an  experimental  artifact  caused  by  a 
minute  shift  in  sample  alignment  due  to  the  change  in  the  pressure 
differential  between  the  inside  (partial  vacuum)  and  outside  (room 
air)  of  the  bellows  in  the  sample  manipulator,  which  leads  to  a 
slight  change  in  Rs  —  Rp.  The  effect  on  d(ARIR),  which  is  large 
on  the  scale  of  Figure  2,  is  reversible  upon  evacuation  (Figure 
2g)  and  is  also  observed  for  a  bare  A1  sample  (with  no  SWNTs) 
and  when  filling  with  a  high  pressure  of  an  inert  gas  (300  Torr 
of  Ne). 

The  results  presented  thus  far  indicate  the  absence  of  any 
vibrational  modes  directly  attributable  to  either  O  or  O2  in  an 
O2  pressure  of  <630  Torr  at  room  temperature.  It  is,  however, 
still  possible  that  weakly  adsorbed  O2  is  present  under  steady- 
state  conditions  at  high  pressure  but  that  the  CL  mode  is  simply 
too  weak  to  detect  in  IRRAS  (see  above).  It  might  then  still  be 
possible  to  detect  adsorbed  CL  indirectly  through  its  perturbation 
of  the  Drude  contribution  to  the  IR  dielectric  function  which  is 
recognizable  as  a  change  in  the  broad  and  essentially  structureless 
SWNT  reflectance  background.  For  the  reversible  physisorption 
of  dimethyl  methylphosphonate  (DMMP)  on  SWNTs  under 
steady-state  pressures  of  a  few  hundred  mTorr,  it  was  previously 
shown11  that  the  background  change  could  be  described 
quantitatively  by  application  of  the  Drude  model.  Adsorption 
affects  both  the  carrier  density  (w)  and  the  scattering  lifetime  (r), 
and  the  background  in  <5  (A R/R)  is  found  to  be  extremely  sensitive 
to  small  changes  in  these  quantities.  Other  groups37-40  have  also 
noted  the  sensitivity  of  the  SWNT  mid-IR  reflectance  background 
to  the  presence  of  adsorbates. 
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The  monotonically  increasing  negative  shift  in  the  background 
seen  in  Figure  2b— f  is  accompanied  by  a  gradual  small  increase 
in  the  ~  1280  cm-1  peak  intensity,  beyond  the  initial  large  increase 
(Figure  2a,b),  which  indicates  a  continued  slow  uptake  of  small 
amounts  of  O.  In  contrast,  there  is  little  or  no  difference  in  the 
adsorbed  O  coverage  for  Figure  2f,g,  which  presents  data  obtained 
before  and  after  evacuation  of  a  high-pressure  O2  ambient. 
Consistent  with  this,  there  is  also  little  or  no  difference  in  the 
background  intensity  after  account  is  taken  of  the  experimental 
artifact  noted  above.  With  the  definition  of  d(A R/R)  given  above, 
the  negative  background  shift  across  the  mid-IR  corresponds  to 
an  adsorption-induced  decrease  in  the  Drude  contribution  to  the 
SWNT  reflectance.11'37-40 

Thus,  in  this  experiment,  the  adsorption  of  CL  is  detected  not 
by  direct  observation  of  adsorbate  resonances  but  through 
alteration  of  the  free-carrier  (Drude)  contribution  to  the  reflectance 
background  which  is  very  sensitive  to  adsorbates.  However,  it 
is  clear  that  the  background  shift  seen  in  Figure  2  is  not  due  to 
physisorbed  CL  since  it  is  not  reversible  upon  evacuation.  On  the 
other  hand,  previous  results910  indicate  that  any  O2  physisorption 
occurring  in  a  high  pressure  of  O2  would  have  to  be  reversible 
upon  evacuation.  Hence,  the  background  change  is  the  result  of 
the  small  coverage  of  chemisorbed  O  discussed  above.  Since 
chemisorption  affects  the  structure  of  the  SWNTs,  as  well  as  the 
free-carrier  properties,  quantitative  modeling  simply  in  terms  of 
the  Drude  parameters,  as  was  done11  for  DMMP,  is  not  feasible 
in  this  case. 

4.  Summary 

In  conclusion,  PM-IRRAS  has  been  used  to  study  SWNTs  in 
high  (up  to  ~630  Torr)  pressures  of  CL  at  room  temperature.  The 
results  are  as  follows. 

(1)  The  features  observed  are  virtually  identical  for  16CL  and 
18CL  and  are  closely  similar  to  those  observed  for  adsorption  of 
atomic  H  or  D.  The  spectra  are  thus  interpreted  in  terms  of 
adsorption-induced  changes  in  the  SWNT  vibrational  spectrum. 

(2)  One  of  the  effects  observed  is  a  decrease  in  the  intensity 
of  a  mode  near  1280  cm-  \  which  we  have  ascribed  to  the  presence 
of  “defects”,  a  term  used  here  in  reference  to  the  combined  effects 
of  structural  imperfections  and  disorder.  It  is  concluded  that 
such  defects  are  chemically  reactive  with  O2  at  room  temperature, 
unlike  pristine  regions  of  the  SWNT.  The  enhanced  reactivity 
of  defects  toward  O2  has  been  predicted  theoretically28  but  not 
previously  observed  experimentally.  However,  it  is  not  possible 
with  the  present  data  to  identify  the  specific  mode(s)  of  CL  reaction 
with  these  defects. 

(3)  Another  result  of  O2  exposure  is  a  loss  in  intensity  of  the 
>C=C<  stretching  mode  of  the  SWNT  wall,  near  1600  cm-1. 
The  magnitude  of  the  effect  indicates  that  only  ~10%  of  such 
sites  are  reactive.  Upon  saturation  with  H,  D,  or  O2  (i.e.,  exposure 
to  a  point  beyond  which  little  further  change  in  the  spectrum  is 
detected),  the  relative  intensities  of  the  1280  and  1600  cm-1 
features  are  very  similar  for  all  adsorbates  (cf.  Figure  3).  This 
indicates  a  correlation  between  defects  and  the  reactive  >C= 
C<  sites  and  suggests  that  the  latter  may  be  made  reactive  by 
the  presence  of  a  nearby  defect.  This  result  is  consistent  with 
previous  theoretical  and  experimental  results  for  other  adsorbates. 

(4)  A  shift  in  the  broad  mid-IR  reflectance  background  is  seen 
during  CL  exposure  which  is  interpreted  qualitatively  in  terms 
of  an  adsorption-induced  decrease  in  the  Drude  contribution  to 
the  SWNT  reflectance.  In  the  previously  examined  case11  of 
reversible  physisorption  of  DMMP,  the  background  behavior 
under  steady-state  conditions  could  be  modeled  quantitatively 
by  varying  the  Drude  parameters  describing  the  free-carrier 
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density  and  scattering  lifetime.  In  the  case  of  O2,  however,  the 
SWNTs  are  themselves  chemically  modified;  hence,  the  back¬ 
ground  behavior  cannot  be  described  quantitatively  simply  in 
terms  of  the  changes  in  the  Drude  parameters  alone. 

(5)  All  the  O2  effects  seen  here  are  irreversible  in  that  they 
are  essentially  unaffected  by  evacuation  of  the  O2  and  are  thus 
due  to  chemi-  rather  than  physisorption.  This  indicates  that  they 
are  not  directly  related  to  the  reversible  effects  of  O2  on  SWNT 
electronic  properties  that  have  been  seen  in  other  studies.2’3  The 


present  results  support  the  previously  given3  interpretation  of 
these  reversible  effects  as  originating  in  some  process  other  than 
direct  O2/SWNT  interaction. 

Acknowledgment.  This  work  was  supported  by  the  Office 
of  Naval  Research.  This  research  was  performed  while  L.  Ericson 
held  a  National  Research  Council  Research  Associateship  Award 
at  the  Naval  Research  Laboratory. 

LA052548V 


